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ABSTRACT: The crystallization kinetics and crystallization-induced morphological formation of an asymmetric double-
crystalline block copolymer, syndiotactic polypropylene-block-poly(e-caprolactone) (sPP-b-PCL), have been investigated by
time-resolved simultaneous small-angle and wide-angle X-ray scattering (SAXS/WAXS). The sPP-b-PCL under study exhibited
hexagonally packed cylinder morphology in the melt state, where the minority sPP block formed the cylindrical microdomains
dispersed in the PCL matrix. The crystallization behavior was studied by imposing two types of crystallization histories: (1) two-
stage crystallization, where the diblock was first cooled to the temperature T."" situating between the melting points of the two
components (T,"" < TP < T,**) to allow sPP crystallization to saturation followed by cooling to T."* < T,,*“* to induce
PCL crystallization; (2) one-stage crystallization, where the system was cooled directly to T. < T,,*" to allow the two
components to crystallize competitively. In both cases, the crystallization of sPP block was in general able to disrupt the melt
structure and transformed it into a crystalline lamellar morphology. For the two-stage crystallization process, the PCL block was
found to exhibit a faster crystallization at a given T."“" when the sPP block was precrystallized at higher T . This “interactive
crystallization kinetics” was attributed to the mediation of the stretching of PCL blocks by the thickness of sPP crystalline
domains which depended on T ™. In the one-stage process, the crystallization events of the two blocks became more
competitive with decreasing T.. The morphological perturbation induced by crystallization was also more hindered at lower T,
such that a significant portion of sPP blocks remained confined within the cylindrical microdomains so as to suppress the sPP
crystallinity.

B INTRODUCTION copolymers thus offers an effective way to explore polymer

Self-assembly of diblock copolymer can generate a variety of crystallization behavior under nanoscale confinement.

long-range ordered microdomains, such as lamellae, bicontin- The crystallization behavior and the structure formation of
diblock copolymers composing of one crystalline block (C) and
one amorphous block (A) (i.e., the C—A diblocks) have been

subjected to extensive studies.” >® It has been established that

uous gyoid, hexagonally packed cylinders, and BCC-packed
spheres, depending on the segregation strength and the volume

fraction of the constituting blocks." ™ The resultant nanoscale
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the interblock segregation strength, the order—disorder
transition temperature (Topr), the glass transition temperature
of A block (T,"), and the crystallization driving force of C block
(governed by the crystallization temperature, T) are the major
factors that control the extent of confinement to the
crystallization process. At T, < TgA < Topr the confinement
on the crystallization of C block is strong since the
crystallization is restricted within the C microdomains
surrounded by the hard glassy matrix formed by A block.®™"!
Such a confinement effect is called “hard confinement”. In the
case where T,* < T. < Topr (where the amorphous phase
remains soft upon crystallization), the crystallization of C block
may still be effectively confined once the segregation strength
of two blocks is high, and the amorphous matrix is said to
impose a “soft confinement” to the crystallization."”>™"® Both
the hard and soft confinements have drastic impacts on the
overall crystallization kinetics.'">™"> On the other hand, when
the crystallization of C block takes place in the weakly
segregated system, the crystallization process may break out of
the initial microdomains to form crystalline extended lamellar
domains.'? ™

Most research of crystalline diblock copolymers has focused
on the C—A diblocks, while the systems containing two
crystalline blocks (ie., the double-crystalline dibocks or C—C
diblocks) have started to be attracted attention over the past
decade. The crystallization behavior and the nanostructure
formation of this type of system are expected to be much more
complex because of the additional competition between the
crystallization events of the two crystalline components.**** If
the two blocks (C; and C,) exhibit largely different melting
points (T, and T,? with T," > T,%), a two-stage
crystallization history may be implemented, where the diblock
is first cooled to T, < T. < T,,"' to induce crystallization of C;
block followed by cooling to T, < T, to allow C, block to
crystallize.**™** The crystallization of the first-crystallized C,
component may destroy the preexisting microphase-separated
structure in the same way as weakly segregated crystalline—
amorphous block copolymers. If the segregation strength is
sufficiently high, the crystallization of the leading block will not
disrupt the melt mesophase. In both cases, the C, component
which crystallizes subsequently may be left within the confined
space established by the crystallization of C,; block.

When the diblock is rapidly cooled from the melt state to T
situating below both T, and T,? (ie, the one-stage
crystallization), a competitive and/or concurrent crystallization
between the two components may take place. Such a
competition in crystallization coupled with its interplay with
the segregation power of the microphase-separated domains
shou315d 4l;e the key that determines the crystalline morphol-
ogy.

The detailed mechanism and the underlying principles
governing the structural formation of double-crystalline block
copolymers remain largely unresolved. Most previous studies
have reported the change in morphology upon crystallization
(induced by either stepwise cooling or crystallization at a given
temperature) based on the ultimate morphology observed after
the completion of crystallization.”***>**3%*! The transient
morphological transformation of C—C diblocks during
isothermal crystallization has indeed not been investigated in
detail. To comprehensively resolve this issue, the simultaneous
small-angle X-ray scattering/wide-angle X-ray scattering
(SAXS/WAXS) technique with the synchrotron radiation
source was employed here to promptly collect the data during
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the crystallization process. Here, the SAXS/WAXS measure-
ments were conducted with a temperature-jump cooling
system, which allowed very rapid cooling and thermal
equilibration at the prescribed T. within a few seconds. In
addition to the two-stage crystallization history that has been
frequently implemented for the C—C diblocks,** " we further
concentrated on the competitiveness of the two crystallization
events in the one-stage crystallization process, which has been
rarely studied for the systems with the two crystalline blocks
exhibiting largely different melting points.

In this study, we mainly investigate the kinetics of the
crystallization as well as the nanostructure formation of a
double-crystalline block copolymer. The simultaneous SAXS/
WAXS experiments allow both the structural formation and the
crystallinity development during the crystallization under
different conditions to be monitored concomitantly. In
particular, the interplay between the crystallization processes
of the two crystalline blocks will be revealed from this study.

The block copolymer system investigated here is an
asymmetric syndiotactic polypropylene-block-poly(e-caprolac-
tone) (sPP-b-PCL) with the volume fraction of sPP block of
0.24. sPP and PCL are both crystalline polymers with the
nominal melting points of ca. 110 and 55 °C, respectively,** as
represented by the peak temperatures of the melting
endotherms. The relatively large disparity in melting points
between these two components allows the system to crystallize
over a broad range of conditions for tuning the competitiveness
and interplay of the two crystallization events. On basis of this
fact, it will be shown that the crystallization kinetics of PCL
block was dramatically affected by the crystallization temper-
ature of the prior sPP crystallization. Recently, Cong et al.
reported similar interactive crystallization behavior in a weakly
segregated symmetric C—C diblock of poly(r-lactide)-block-
poly(ethylene oxide) (PLLA-b-PEO).** Because microphase
separation was inaccessible for this system, the crystallization of
the leading crystalline PLLA block occurred from the
disordered state. This crystallization event then dominated
the morphological formation so as to prescribe the confinement
environment and the degree of stretching for the PEO block,
which in turn influenced the kinetics of PEO crystallization
below T,,"F°. The interactive crystallization kinetics observed in
the present sPP-b-PCL was distinguished from that of PLLA-b-
PEO in the sense that the crystallization of the leading
crystalline sPP component occurred from the microphase-
separated melt, such that the crystallization-induced morpho-
logical perturbation was governed by the balance between the
crystallization driving force of sPP and the segregation strength
that tends to stabilize the melt mesophase. Moreover, the
composition of the sPP-b-PCL under study was highly
asymmetric with the minority sPP blocks forming cylindrical
microdomains dispersed in the continuous PCL matrix; it is
interesting to show that even the crystallization of the minority
sPP block (which led to a moderate level of crystallinity) could
still influence the stretching of the majority PCL block and thus
affect its crystallization kinetics. These results may provide
significant insights into the strategy for controlling the
crystallization-induced nanostructure formation of double-
crystalline block copolymers.

B EXPERIMENTAL SECTION

Materials. The detailed synthetic method for preparations of sPP-
b-PCL was described in the previous report.44 In brief, the diblock
copolymer was synthesized by controlled ring-opening polymerization
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of e-caprolactone using aluminum alkoxide-terminated sPP as the
macroinitiator. The aluminum alkoxide-terminated sPP macroinitiator
(M, = 2430, M,/M, = 149, sydiotacticity (rrrr) = 74.45%) was
generated by activation of the OH-capped sPP with trialkyaluminum,
whereas the OH-capped sPP was synthesized by the selective chain
transfer reaction to triethylaluminum during syndiospecific polymer-
ization of propylene in the presence of syndiospecific metallocene
catalyst.

The molecular weights of sSPP and PCL blocks were 2430 and 9870
g/mol, respectively, as determined by high-temperature GPC (in 1,2,4-
trichlorobenzene at 135 °C); hence, the volume fraction of the
constituting sPP block was 0.24 prescribed by the corresponding
molecular weights and the relevant densities of sPP and PCL blocks in
the melt state. The polydispersity index of this copolymer was found
to be 1.14; such a low polydispersity resulted in microphase separation
to form highly ordered microdomains. Detailed molecular character-
istics and the thermal properties of this diblock copolymer have been
described elsewhere.**

Bulk Sample Preparation. The bulk samples of sPP-b-PCL were
prepared by dissolving the diblock copolymer in tetrahydrofuran
(THF) at 70 °C. The concentration of the polymers in the solution
was 5 wt %. The samples were subsequently cast onto the Petri dish
followed by a slow evaporation of the solvent at 30 °C for 2 days. The
samples were further dried in vacuum at 60 °C for 2 h and then at
room temperature for 4 days for complete solvent removal.

Differential Scanning Calorimetry (DSC) Measurement. DSC
experiments were carried out by a Perkin-Elmer DSC-7 instrument to
study the isothermal crystallization and melting behavior of the diblock
copolymer. Samples of ca. 5 mg were encapsulated in aluminum pans.
The calibration was performed with indium and hexatricontan, and all
tests were run using ultrapure nitrogen as purge gas.

The isothermal crystallization experiments were carried out for both
sPP and PCL blocks within sPP-b-PCL. In order to investigate the
crystallization kinetics of sPP block, the sample was first heated to 170
°C (which is at least 40 °C higher than the nominal melting points of
sPP and PCL blocks (i.e, T,,*® and T,"") but lower than Topy of
sPP-b-PCL) and kept at this temperature for 10 min to erase the
previous thermal history. The sample was then cooled (at 80 °C/min)
to the prescribed isothermal crystallization temperature T.F" (at T, "
< TP < T, PP), and the crystallization process of sPP was monitored
as a function of time.

To evaluate the effect of the crystallization temperature of sPP block
on the kinetics of the subsequent crystallization of PCL block, the
sample was heated to 170 °C and annealed at this temperature for 10
min to remove the previous thermal history, followed by prompt
cooling (at 80 °C/min) to a temperature in the range of T,,"“" < T "
< TP (where PCL blocks remained molten state) for isothermal
crystallization of sPP. After the crystallinity of sPP block at each T*
reached saturation, the sample was cooled to 41.5 °C < T,*“" at which
the crystallization exotherm of PCL block was recorded. All the
samples after the isothermal crystallization treatments were eventually
heated to 190 at 10 °C/min to record the melting endotherms of sPP
and PCL crystals formed.

Time-Resolved Simultaneous SAXS/WAXS Measurements.
Simultaneous SAXS/WAXS experiments were performed at Beamline
23A1 at the National Synchrotron Radiation Research Center
(NSRRC) located at Hsin-Chu, Taiwan.*® A two-dimensional Mar
CCD detector with 512 X 512 pixel resolution was used to record the
SAXS pattern. The energy of the X-ray source and the sample-to-
detector distance were 10 keV and 2444 mm, respectively. The time
necessary for each data collection was 20 s. The SAXS intensities
obtained were plotted against q = 47 sin(6/4), where A is the
wavelength of X-ray (4 = 0.124 nm) and 26 is the scattering angle. The
beam center was calibrated using silver behenate with the primary
reflection peak at 1.076 nm™'. The WAXS profiles were simultaneously
collected with the SAXS profiles using a linear detector, covering the
scattering vector range of 8—17.5 nm™". The WAXS angular scale was
calibrated using silicon, sodalite, and high-density polyethylene.

SAXS/WAXS Data Analysis. The SAXS intensity profiles obtained
from the time-resolved experiment were further used to calculate the
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normalized scattering invariants (Q) as a function of time during the
crystallization process via

fowl(q; t)q2 dg
S 15 t0)q” dg

where the last data profile collected during crystallization at a given T,
was taken as the SAXS profile at ¢ — oo. Since the experimentally
accessible g range is finite, extrapolation to both low and high q is
necessary for the integration in the above equation. In the present
work, extrapolation to zero g was accomplished by applyin§ the
Debye—Bueche model,***” whereas the Porod—Ruland model® was
used for extension to large q.

Analogous to obtaining the relative invariant from SAXS profiles,
the degrees of crystallinity (X.) of sPP and PCL blocks were
determined from the WAXS profiles by integrating the area under the
crystalline diffraction peaks (A.) and the amorphous halo (4,) via

A

C

A+ A,

Q) =

c

The deconvolution of the peaks in the WAXS profiles was performed
with the PeakFit v4.11 software, assuming Gaussian function for each
peak.

Polarized Optical Microscopy (POM). An Olympus BXS1
microscope equipped with an Olympus DSLR E-620 digital camera
and two Linkam HFS 91 hot stages (the accuracy of sample
temperature control was +0.5 °C) was used to observe the
superstructure morphology during isothermal crystallization. Measure-
ments were made in transmission under cross polarizers at 500X
magnification. The specimen sandwiched between two microscope
cover glasses was annealed at 170 °C on a Linkam hot stage for 10 min
to erase the previous thermal history. The sample was then quickly
transferred onto another Linkam hot stage pre-equilibrated at the
crystallization temperature (ie, T " = 80 or 60 °C) to allow sPP
crystallization. After sPP crystallized to saturation, the specimen was
transferred to another hot stage pre-equilibrated at 41.5 °C to induce
PCL crystallization. The development of the crystalline superstructure
was then observed during PCL crystallization.

B RESULTS AND DISCUSSION

1. Melt Structure and Crystallization-Induced Struc-
ture Perturbation. sPP-b-PCL is a double-crystalline system
with both sPP and PCL blocks being crystallizable. Here we
have examined the crystallization process under two types of
cooling histories from the microphase-separated melt. The first
type is called “two-stage crystallization”, where the system was
cooled from 170 °C (which is higher than T,,"“" and T, to
TSP (which is higher than T,,"“" ~ 55 °C but lower than T,,*"
~ 110 °C) to allow sPP crystallization followed by cooling to
TLCY (which is lower than T,"Y) to induce PCL
crystallization. The other type is called “one-stage crystal-
lization”, where the system was directly quenched from 170 °C
to T, at which sPP and PCL blocks may compete to crystallize
when T, is sufficiently low (T, < 41.5 °C as will be shown in
subsection 3).

We first examine the melt structure of the sPP-b-PCL and
the perturbation of melt mesophase induced by crystallization.
Figure 1 shows the SAXS profiles of sPP-b-PCL collected at
different temperatures in a two-stage cooling process. At 170
°C where both sPP and PCL blocks were in the melt state
(TP < T, < 170 °C < Topr), the SAXS profile showed
multiple scattering peaks with the position ratio of
1:3'/2:41/2,712:912" This indicated that the sPP-b-PCL
exhibited a hexagonally packed cylinder morphology, where
the minority sPP blocks formed the cylindrical microdomains
dispersed in the PCL matrix. The interdomain distance (D)

dx.doi.org/10.1021/ma300711k | Macromolecules 2012, 45, 5114—5127
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Figure 1. SAXS profiles of sPP-b-PCL subjecting to a two-stage
cooling history. The top curve was collected at 170 °C. The middle
profile was obtained by cooling the diblock from 170 to 80 °C
followed by crystallization of sPP block for 20 min. The bottom profile
was collected by further cooling the sample to 41.5 °C to allow PCL
crystallization for 15 min.

calculated from the primary peak position was 18.5 nm and the
average radius (R) of the sPP cylinder was 4.8 nm as derived
from its volume fraction in the melt state (fpp = 0.24).
When the sPP-b-PCL was quenched to 80 °C (where T, "“"
< 80 °C < T,™® < Topr) and kept at this temperature for 20
min, sPP crystallization took place in the cylindrical micro-
domains surrounded by the soft PCL phase. In this case, the
sPP-b-PCL was a crystalline—amorphous system, and the
crystallization process of sPP block could perturb the melt
mesophase as long as the segregation strength is not strong.
The segregation strength yN (where y is the Flory—Huggins
interaction parameter and N is the degree of polymerization) at
170 °C was found to be 47.7 based on our previous
calculation;** therefore, this diblock exhibited the intermediate
segregation strength (10.5 < yN < 100).*’ It can be seen from
Figure 1 that the primary peak in the SAXS profile shifted to
lower q and became broader (comparing to that observed at
170 °C) upon sPP crystallization, indicating that the
morphological perturbation did take place. Such a perturbation
could be either a breakout of the cylindrical microdomains to
form crystalline lamellar morphology or local distortion of the
cylindrical microdomains. Considering that the primary peak
was accompanied by three distinct higher-order peaks with
integral position ratio, we concluded that the crystallization of
sPP block should have disrupted the melt structure and
transformed it into a crystalline lamellar morphology with the
interlamellar distance of 242 nm. This type of breakout
crystallization has been reported for crystalline—amorphous
diblock copolymers with minor crystalline component.’*~** In
this case, the driving force of crystallization overwhelmed that
stabilizing the melt mesophase due to relatively weak
segregation strength of the copolymer, such that the crystal
growth front broke out the cylindrical domains to form
extended lamellar domains with a larger interdomain distance.
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The breakout crystallization of sPP block can be further
demonstrated by monitoring the development of crystallinity
during the crystallization at 80 °C using DSC. The isothermal
crystallization exotherm of sPP block in sPP-b-PCL crystallized
at 80 °C is shown in the inset of Figure S1. The data were
quantitatively analyzed by the Avrami equation:*°

X(t) = 1 - exp(~Kt")

where X_(t) is the relative crystallinity accumulated as of time ¢,
the exponent n depends on the nucleation mechanism and the
crystal growth geometry, and K is the overall transformation
rate constant. The Avrami analysis’ (see Figure S1 of
Supporting Information) showed that the development of
crystallinity followed a sigmoidal curve corresponding to the
Avrami exponent of ca. 2.3. This means that the crystallization
was predominantly initiated by heterogeneous nucleation
followed by long-range crystal growth proceeding through
breaking out the originally formed cylindrical microdomains in
the melt state.” Moreover, our previous study revealed that the
freezing (crystallization) temperature of sPP block was
depressed by only 16 °C as compared to that of the
corresponding sPP homopolymer during cooling from the
microphase-separated melt.** If the crystallization of sPP block
was largely confined within the cylindrical microdomain, the
process should have occurred through homo%eneous nuclea-
tion, which requires much larger undercooling. 2 Therefore, all
the results indicated that the morphological transformation
observed here should be associated with the breakout process
induced by sPP crystallization.

After sPP had crystallized to saturation at 80 °C, the diblock
was further quenched to 41.5 °C to induce the crystallization of
PCL block (ie, a two-stage crystallization process). This
crystallization process further broadened the primary SAXS
peak and diminished the higher-order peaks, indicating that
PCL crystallization reduced the coherent order of the lamellar
stacking.

2. Interactive Crystallization Kinetics in the Two-
Stage Crystallization Process. Figures 2a and 2b show the
time-resolved SAXS and WAXS profiles of the sPP-b-PCL,
respectively, subjected to a two-stage crystallization process.
Here the diblock was first quenched from 170 to 80 °C (where
TP < 80 °C < T,**) to allow sPP crystallization for 20 min,
followed by quenching to 41.5 °C (41.5 °C < T,,*“") to induce
PCL crystallization. At 170 °C, the SAXS profile displayed the
scattering peaks associated with hexagonally packed sPP
cylinder morphology in the melt state (cf. the red curve in
Figure 2a). When the system was just brought to 80 °C, the
SAXS peaks grew in intensity and shifted to lower g,
corresponding to an increase of D by 1.85 nm (cf. the blue
curve in Figure 2a). Since the swelling of D took place before
the development of sPP crystallinity, it should arise from the
increasing stretching of both amorphous sPP and PCL blocks
normal to the domain interface due to the increase of y on
lowering temperature.

Crystallization of sPP block occurred at 60 s as revealed by
the WAXS profiles (see dark cyan curve in Figure 2b). At the
same time, a new peak emerged at 0.255 nm™' in the
corresponding SAXS profile, and its intensity grew pro-
gressively in the expense of the original primary peak at 60 s
<t <300 s. This fact can be seen more clearly by the vertically
shifted 1-D SAXS profiles and the time evolution of peak
intensity at 0.25S nm™', as presented in Figures S2a and S2b of
the Supporting Information, respectively. A set of scattering

dx.doi.org/10.1021/ma300711k | Macromolecules 2012, 45, 5114—5127
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Figure 2. (a) Time-resolved SAXS profiles and (b) time-resolved WAXS profiles of sPP-b-PCL subjecting to a two-stage crystallization (the time
interval between each profile is 20 s). The system was quenched from 170 to 80 °C to allow sPP crystallization for 20 min followed by quenching to
41.5 °C for PCL crystallization for 15 min. The profiles presented in red, blue, dark cyan, and orange color are associated with the melt mesophase at
170 °C, equilibration at 80 °C for 20 s, the onset of sPP crystallization, and the onset of PCL crystallization, respectively. (c) The normalized
invariant (Q) and the crystallinities (X.) of sPP and PCL blocks as a function of time in the two-stage crystallization process.

peaks with integral position started to appear at 140 s, signaling
the morphological transformation from hexagonally packed
cylinder to lamellae induced by sPP crystallization. The
crystallinity of sPP was found to reach the saturated value of
36% after 300 s.

When the system was subsequently quenched to 41.5 °C, the
crystallization of PCL blocks occurred at 140 s, as evidenced by
the WAXS profiles (cf. the orange curve in Figure 2b). During
the PCL crystallization, the primary peak of the corresponding
SAXS profile became broader and the higher-order peaks
diminished, revealing that the crystallization of PCL blocks
distorted the order of lamellar stacking. The position of the
primary peak only showed slight shift toward lower g
(comparing the red and blue curves in Figure 1), showing
that the lamellar morphology prescribed by sPP crystallization
was essentially unperturbed upon PCL crystallization. This
indicated that the crystallization of PCL block proceeded within
the confined space established by the prior crystallization of the
sPP component.
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To gain deeper insight into the mechanism of the
crystallization, the normalized invariant (Q) and the crystal-
linities (X.) obtained from SAXS and WAXS profiles,
respectively, are shown in Figure 2c as a function of time.
When the diblock was quenched from 170 to 80 °C, sPP blocks
started to crystallize at 60 s, and the crystallinity grew
progressively in the range of 60 s < t < 300 s. Meanwhile,
the corresponding invariant was found to decrease significantly
with increasing sPP crystallinity, primarily due to the reduction
of the electron density contrast between sPP and PCL phase
upon sPP crystallization (the electron density of crystalline sPP
= 326.8 ¢/nm?>; amorphous sPP = 292.4 ¢/ nm?; crystalline PCL
= 392.9 e/nm’ amorphous PCL = 350.3 e/nm?®).>>">* The
crystallinity of sPP remained almost saturated after 300 s, and
the corresponding invariant did not change apparently. When
the system was subsequently quenched to 41.5 °C, PCL block
was found to start crystallizing at 140 s after reaching the
temperature and finished its crystallization after 720 s. The
onset of PCL crystallization was concomitantly accompanied by

dx.doi.org/10.1021/ma300711k | Macromolecules 2012, 45, 5114—5127
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Figure 3. (a) Time-resolved SAXS profiles and (b) time-resolved WAXS profiles of sPP-b-PCL subjecting to a two-stage crystallization (the time
interval between each profile is 20 s). The system was quenched from 170 to 60 °C to allow sPP crystallization for 20 min followed by quenching to
41.5 °C for PCL crystallization for 15 min. The profiles presented in red, blue, dark cyan, and orange color are associated with the melt mesophase at
170 °C, equilibration at 60 °C for 20 s, the onset of sPP crystallization, and the onset of PCL crystallization, respectively. (c) The normalized
invariant (Q) and the crystallinities (X.) of sPP and PCL blocks as a function of time in the two-stage crystallization process.

an abrupt increase of invariant, which was attributable to the
enhancement of the electron density contrast.

Figures 3a and 3b show the time-resolved SAXS/WAXS
results of sPP-b-PCL, subjecting to a two-stage crystallization
with larger undercooling for the first stage, where the sample
was quenched from 170 to 60 °C to allow sPP crystallization,
followed by quenching to 41.5 °C for PCL crystallization. It can
be seen from Figure 3b that upon reaching 60 °C, the
crystallization of sPP block took place immediately at 40 s (cf.
dark cyan curve), and the crystallinity reached saturation after
120s. At 40 s < t < 60 s, the new SAXS peak at 0.27 nm ™' grew
in expense of the original SAXS peak associated with the melt
morphology, indicating again that the sPP crystallization
disrupted the melt structure and transformed it into a lamellar
morphology. Such a process completed within just 60 s. It is
noted that the higher-order peaks associated with the crystalline
lamellar morphology were not clearly observed in the SAXS
profiles, implying the poorer coherent order of the lamellar
stacking due to very rapid sPP crystallization at the larger
undercooling. As the system was further quenched to 41.5 °C
to induce PCL crystallization, the position of the primary peak
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did not change obviously, illustrating again that the
crystallization of PCL block did not perturb the lamellar
morphology further.

Figure 3c shows the corresponding normalized invariant and
sPP and PCL crystallinities. The dependence of the invariant
on the crystallization time was in accord with the variation of
the crystallinities of sPP and PCL blocks, where a decrease and
an increase of the invariant during sPP and PCL crystallization,
respectively, was mainly associated with the alteration of
electron density contrast between these two constituting
domains. sPP block was found to crystallize within 40 s upon
reaching at 60 °C, and its crystallinity reached saturation after
only 120 s. Interestingly, the crystallization rate of PCL block
was found to be slower than that observed in the first
crystallization history (where T ™ = 80 °C) although TP
was identical (ie.,, 41.5 °C). It can be seen that for the present
crystallization history (where T.*F = 60 °C) PCL block started
to crystallize at 280 s when the temperature was equilibrated at
41.5 °C, and the crystallinity increased slowly without
approaching saturation in 15 min. This result demonstrated
that the crystallization kinetics of PCL blocks behaved
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differently when the neighboring sPP block was precrystallized
at different temperatures (i.e,, 60 °C vs 80 °C; see Figures 3c
and 2c, respectively).

To confirm that the crystallization kinetics of PCL block was
strongly affected by T " of the prior crystallization of sPP
block, the isothermal crystallization of PCL block was
systematically studied by DSC. We first allowed the sPP
block to crystallize at a prescribed temperature (ie., TSTF =
60—110 °C) until saturation, and then the temperature was
lowered rapidly (at 80 °C/min) to 41.5 °C to induce PCL
crystallization. The exotherms observed during PCL crystal-
lization are displayed in Figure 4a. It can be seen that when the
sPP block was precrystallized at the higher temperature, the
crystallization rate of the PCL block at 41.5 °C was faster. For
instance, the crystallinity of PCL block was found to reach
almost saturation after 12.5 min, but it still kept growing after
15 min when sPP block was precrystallized at T.** = 80 and 60
°C, respectively. This observation is consistent with the time-
revolved SAXS/WAXS results presented in Figures 2c and 3c.
The data obtained from Figure 4a were further quantitatively
analyzed by the Avrami equation.’® The overall crystallization
rate, expressed as the inverse of the crystallization half-time (1/
Tsox), of the PCL block is shown in Figure 4b as a function of

TP". The overall crystallization kinetics of PCL block was seen
to increase clearly with increasing T."".

The subsequent DSC heating scans of sPP-b-PCL after sPP
and PCL block have crystallized at T*" and 41.5 °C,
respectively, are displayed in Figure 4c. The heating trace
shows a sharp peak (at ca. 57.5 °C) along with a small
endotherm (at 80—125 °C) associated with the melting of PCL
and sPP crystals, respectively. The sPP melting peak gradually
shifted toward higher temperature with increasing TS,
indicating that the crystallization at higher T ™* produced
thicker sPP crystals. It is quite interesting to note that different
crystal thickness prescribed by sPP crystallization also
influenced the melting behavior of the neighboring PCL
blocks. The melting region of PCL crystals displayed in Figure
4d revealed that PCL melting point increased with increasing
TP?, but it leveled off at T " > 100 °C. This observation may
be attributed to the greater stretching the PCL block chains (to
be demonstrated later by the SAXS results) when the
neighboring sPP block was precrystallized at higher T .
The lower conformational entropy of the more stretched PCL
chains reduced the entropy of melting and hence increased
T PCL

The nucleation and crystal growth kinetics of the PCL block
influenced by sPP crystallization can also be investigated by
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POM. Figure 5 shows the POM micrographs of the sPP-b-PCL
subjected to the two-stage crystallization histories with T.** =
80 and 60 °C. At 170 °C, no discernible birefringence pattern
was observed, indicating that the sPP-b-PCL was in the melt
state. When the diblock was cooled from 170 to 80 °C and
equilibrated there for 20 min, the birefringence texture arising
from the crystallization of sPP blocks was identified. When the
temperature was subsequently cooled to 41.5 °C, a small
number of granular objects with stronger birefringence formed
due to the crystallization of PCL block. As the crystallization
proceeded further, a bust of many other nuclei occurred
followed by prompt growth (with the growth rate of G = 18.0
um/min), such that the region under observation was quickly
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filled by PCL crystals within 484 s. However, when the sPP
block was precrystallized at 60 °C for 20 min (the sPP
birefringence pattern was similar to that found at 80 °C), the
kinetics of the subsequent PCL crystallization became quite
different. It can be seen that the occurrence of the crystalline
texture of PCL was deferred to 336 s; moreover, both the
nucleation density and the growth rate (G = 154 ym/min)
were found to significantly retard as compared to the case for
TSP = 80 °C. This fact strongly illustrated that the
crystallization of the leading component (ie., sPP block)
affected both the nucleation rate and the crystal growth kinetics
for the subsequent crystallization of the other block. The prior
crystallization of sPP block at higher T ™" was found to
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one-stage crystallization process.

promote the nucleation rate more pronouncedly than the
growth rate of the PCL crystallization.

Our time-resolved SAXS/WAXS, DSC, and POM results
have thus demonstrated that the crystallization rate of PCL
block was strongly influenced by the crystallization temperature
of the leading crystalline component (i.e., sPP) in the two-stage
crystallization process. This type of “interactive crystallization
kinetics” has also been observed for a symmetric PLLA-b-
PEO.** In contrast to the present sPP-b-PCL, this system was
in the disordered state above the melting points of both blocks.
When the diblock was brought to T (T, P50 < TPHA <
T.""*), a crystalline lamellar morphology was formed by the
PLLA crystallization. The thickness of PEO lamellar domain
increased with increasing T."™#, implying that the thicker
PLLA crystals formed at higher T."™* reduced the cross-
sectional area of the junction points at the microdomain
interface so as to cause greater stretching of the PEO blocks.
The more stretched chain conformation before crystallization
enhanced the primary nucleation rate of PEO upon cooling to

TPEO < T,PEO3* therefore, faster PEO crystallization was
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observed when the PLLA block was allowed to crystallize at
higher T."M4. The effect of the crystal thickness (prescribed by
the first-crystallized component) on the kinetics of the
subsequent crystallization of the lower melting block has also
been reported in a recent simulation study by Li et al.**

To examine if the degree of stretching of PCL block was
influenced by T "%, the SAXS profiles after the crystallization of
sPP block were collected at various TSFP. It can be seen in
Figure 6a that the primary scattering peak shifted progressively
to lower q with increasing T.", indicating swelling of the
interlamellar distance (L). The thickness of PCL layers (Ipc;)
calculated by Ipcp = fpc L (where fpcy is the volume fraction of
PCL block) was further found to increase with increasing T "
(Figure 6b), indicating that the PCL blocks did become more
stretched after sPP crystallization at higher TS™. Since the
chain stems in the sPP crystals aligned normal to the lamellar
interface (see Figure S3 and its relevant information in the
Supporting Information), the formation of thicker sPP crystals
at higher T would swell the lamellar domains and hence
reduced the cross-sectional areas of the junction points, which
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then caused the PCL blocks to undergo a stronger stretching
normal to the interface. Consequently, the interactive
crystallization behavior exhibited by the present sPP-b-PCL
system may have the same origin as that associated with the
PLLA-b-PEO system. However, the interactive crystallization
kinetics observed in the present sPP-b-PCL was distinguished
from that of PLLA-b-PEO in that the crystallization of the
leading crystalline component (ie, PLLA) in PLLA-b-PEO
occurred from the disordered melt, whereas sPP in sPP-b-PCL
crystallized from the microphase-separated melt. Moreover, our
results showed that even though the composition of the leading
crystalline component (i.e,, sPP) was minor, its crystallization
(which led to a moderate level of crystallinity) was sufficient to
influence the stretching of the majority lower melting block
(i.e., PCL block), so as to affect its crystallization kinetics.

In addition to the mediation of PCL chain stretching by sPP
crystallization, we would also like to point out (and then
preclude) other possible factors that may cause the interactive
crystallization behavior in C—C diblock. After the sPP
crystallization, the amorphous PCL blocks were attached to
the sPP crystallites; these hard “bricks” may lower the mobility
of the PCL blocks comparing to the case where they were
connected to amorphous sPP. It may hence be argued that the
crystallization of PCL block would be slowed down more if the
crystallinity of sPP block is higher. Figure S4 shows the
crystallinity of sPP block as a function of T.** calculated from
the enthalpy of melting. The sPP crystallinity was found to
remain nearly constant with respect to the change of T ";
consequently, the possibility arising from effect of crystallinity
was precluded.

In Figure 6a, it was observed that the SAXS profile displayed
sharper primary peak along with clear higher-order peaks at
higher T.*F (TS"" > 70 °C), whereas the primary peak became
broader and the higher-order peaks diminished at lower TS
This fact suggested that the grain size of the lamellar domains
formed after the breakout crystallization of sPP at higher T "
was larger. It may thus be argued that the larger grain size
facilitated the crystal growth of PCL to advance over a longer
range, such that the PCL crystallization became faster because
of lower required nucleation density. If this was the main factor
responsible for the interactive crystallization kinetics, then the
PCL crystallization should have exhibited a lower nucleation
density when its neighboring sPP block was precrystallized at
higher T due to larger grain size. However, our POM
observation in Figure S showed that the PCL nucleation density
was actually higher for higher T.*, and it was mainly the
enhancement of nucleation rate that caused the faster overall
crystallization kinetics. Consequently, we also precluded the
factor associated with the grain size effect and concluded that
the degree of stretching of PCL blocks influenced by sPP
crystallization was responsible for the observed interactive
crystallization behavior.

3. Crystallization Behavior in the One-Stage Crystal-
lization Process. We now turn our attention to the other type
of crystallization history, namely, one-stage crystallization.
Figure 7a,b shows the time-resolved SAXS/WAXS profiles of
sPP-b-PCL, subjected to the one-stage crystallization by direct
quenching the diblock from 170 to 41.5 °C. Upon cooling to
41.5 °C for 20 s, the primary peak in the SAXS profile shifted
slightly to lower g (see the blue curve in Figure 7a),
corresponding to an expansion of the interdomain distance
between cylindrical microdomains of 20.9 nm due to the
increase of y. Meanwhile, a low degree of sPP crystallinity was
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observed in the corresponding WAXS profile (cf. the blue curve
in Figure 7b). Such a low crystallinity gave rise to a vague peak
hidden at 0.277 nm™ in the corresponding SAXS profile (as
indicated by an arrow over the blue curve) under the primary
peak due to the breakout crystallization. After 40 s where the
crystallinity of sPP nearly reached saturation, the SAXS profile
was dominated by the peak at 0.277 nm™". The perturbation of
the SAXS pattern was almost identical to that observed at 60
°C for the sample subjecting to the two-stage crystallization
(but the associated structural transformation was faster than
that occurred at 60 °C), confirming that a breakout of melt
structure driven by sPP crystallization took place to form the
crystalline lamellar morphology. The PCL block was found to
start crystallizing at 140 s, and the crystallization process was
completed after 700 s. Upon PCL crystallization, the primary
SAXS peak shifted slightly to lower g, revealing that the
crystallization of PCL blocks was essentially confined within the
confined space established after the sPP crystallization. The
correlation between the scattering invariant and the crystal-
linities of sSPP and PCL blocks as a function of time can be seen
in Figure 7c. The time variation of the invariant again agreed
well with the change of electron density contrast between sPP
and PCL domain during their respective crystallization, as has
been discussed earlier.

For the one-stage cooling to 41.5 °C, the WAXS result
indicated that sPP actually crystallized before PCL block.
Therefore, the crystallization was effectively a two-stage process
with TS = 41.5 °C; however, the PCL crystallization (which
was shown to be influenced by the prior crystallization of sPP
blocks) now appeared to be faster than that in the two-stage
process with TSP = 60 °C (this fact was further confirmed by
the isothermal crystallization experiment of DSC, as shown in
Figure SS). If the degree of PCL chain stretching dominated
the crystallization kinetics, the crystallization rate of PCL block
should have been slower for " = 41.5 °C compared to the
case of TS = 60 °C. The discrepancy may be explained by
considering the stronger hindrance to the breakout of melt
structure induced by sPP crystallization at the relatively low Ts
adopted in the one-stage crystallization. Although the SAXS
profile indicated a significant morphological breakout upon sPP
crystallization at 41.5 °C, the degree of structural perturbation
should not be the same as that attained in the two-stage process
considering that the saturated crystallinity of sPP at 41.5 °C
was obviously lower (0.22 compared to the value of 0.31
attained at T = 60 °C). It is proposed that at T.** < 41.5 °C
a significant portion of sPP blocks remained confined within
the highly discrete microdomains (e.g., the original cylindrical
microdomains or the domains established by local or short-
range coalescence of the cylinders), such that they were
uncrystallizable at the prescribed TS because the under-
cooling was not large enough to induce the homogeneous
nucleation. The PCL blocks attached to these discrete domains
thus still formed the continuous matrix phase and hence
crystallized more rapidly than the case when they were confined
within the lamellar domains generated by the breakout
crystallization of sPP at higher T.™". Moreover, since the sPP
crystallinity attained at 41.5 °C was significantly smaller than
that developed at higher TS, there were less PCL blocks
attached to the sPP crystallites (which would reduce the
mobility of PCL blocks). This may also contribute to the faster
PCL crystallization comparing to that at T = 60 °C.

The crystallization temperature of 41.5 °C in the one-stage
process still allowed the sPP crystallization to take place before
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Figure 8. (a) Time-resolved SAXS profiles and (b) time-resolved WAXS profiles of sPP-b-PCL subjecting to a one-stage crystallization (the time
interval between each profile is 20 s). The system was quenched from 170 to 30 °C to allow the crystallizations of both sPP and PCL blocks for 15
min. The profiles presented in red and blue color are associated with the melt mesophase at 170 °C and the onset of the concurrent crystallization of
sPP and PCL blocks, respectively. (c) Normalized invariant (Q) and the crystallinities (X.) of sSPP and PCL blocks as a function of time in the one-

stage crystallization process.

the crystallization of PCL block. It would be of interest to
examine if the competitiveness of the two crystallization events
may be enhanced by further lowering the crystallization
temperature. Figure 8a,b displays the time-resolved SAXS/
WAXS profiles of sPP-b-PCL collected upon quenching from
170 to 30 °C. At 20 s, the crystallizations of both sPP and PCL
blocks started to take place almost simultaneously, as evidenced
by the WAXS profile (see the blue curve in Figure 8b). At the
same time, the corresponding SAXS profile showed a broad
peak, signaling that the initial melt morphology was disrupted
by the concurrent crystallization of sPP and PCL blocks. The
crystallinities of both blocks approached nearly constant after
60 s. The time evolutions of invariant and crystallinities of sPP
and PCL blocks are shown in Figure 8c. Since two
crystallization events occurred almost simultaneously and the
crystallinities reached saturation rapidly, the corresponding
invariant was governed by the electron density contrast
between crystalline sPP and crystalline PCL domains. The
ultimate sPP crystallinity attained here was significantly
suppressed to 0.17 (cf. Figure 8¢), indicating that the long-
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range breakout of the sPP mcirodomains induced by
crystallization at 30 °C was even more difficult.

Figure 9a,b shows the time-resolved SAXS/WAXS profiles of
sPP-b-PCL collected by direct quenching the diblock from 170
to 10 °C. PCL block was found to start crystallizing when the
temperature was just brought to 10 °C, and its crystallinity
promptly reached saturation after 60 s. However, the
crystallization of sPP block did not take place within the
maximum data collection time (i.e., 15 min), as the crystalline
diffraction peaks of sPP were absent in the WAXS profiles (cf.
Figure 9b). Upon reaching 10 °C, the primary SAXS peak
shifted slightly to lower g as compared to that in the melt state,
and two higher-order peaks with the position ratio of 3'/? and
7% were still observable (see the blue curve in Figure 9a),
indicating that the hexagonally packed cylinder morphology
was still preserved. The shift of the primary peak corresponded
to an increase of D by 3.1 nm, which was attributed to the
increasing stretching of the amorphous sPP and PCL blocks
due to the increase of y by lowering the temperature to 10 °C .
Figure 9¢ shows the dependences of invariant and crystallinities
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Figure 9. (a) Time-resolved SAXS profiles and (b) time-resolved WAXS profiles of sPP-b-PCL subjecting to a one-stage crystallization (the time
interval between each profile is 20 s). The system was quenched from 170 to 10 °C to allow the crystallizations of both sPP and PCL blocks for 15
min. The profiles presented in red and blue color are associated with the melt mesophase at 170 °C and the onset of the crystallization of PCL block,
respectively. (c) The normalized invariant (Q) and the crystallinities (X.) of sPP and PCL blocks as a function of time in the one-stage crystallization

process.

of sPP and PCL blocks on crystallization time. The PCL
crystallization before 60 s led to an abrupt increase of invariant.
It is worth noting that the primary SAXS peak slightly
broadened without changing the position and the higher-order
peaks (with the position ratio of 3'/% and 7'/2) disappeared after
40 s, signaling that the crystallization of PCL block disturbed
the long-range order of the sPP cylindrical microdomains while
retaining the average interdomain distance. Since the sPP
blocks still formed the cylindrical domains embedded in the
semicrystalline PCL matrix, the crystallization in the minority of
the sPP domains had to proceed through homogeneous
nucleation which requires exceedingly large undercooling.'?
But the degree of undercooling prescribed by the crystallization
temperature of 10 °C was not sufficiently large to induce such a
nucleation process, such that the sPP block remained

uncrystallizable at this temperature.

5125

B CONCLUSIONS

A double-crystalline sPP-b-PCL with an asymmetric composi-
tion has been studied by considering two types of crystallization
history. In the two-stage crystallization, it was demonstrated
that when the sPP block was precrystallized at higher
temperature, the kinetics of the subsequent crystallization of
PCL blocks was faster. This interactive crystallization behavior
was ascribed mainly to the degree of stretching of PCL blocks
influenced by sPP crystallization; that is, the formation of
thicker sPP crystals at higher T induced greater stretching of
the PCL blocks, which in turn enhanced the primary nucleation
rate associated with the PCL crystallization.

In the one-stage crystallization process, decreasing the
crystallization temperature was found to enhance the
competitiveness of sPP and PCL crystallization. However, the
degree of morphological perturbation induced by the breakout
crystallization of sPP block became increasingly difficult with
decreasing T, such that a significant portion of sPP blocks

dx.doi.org/10.1021/ma300711k | Macromolecules 2012, 45, 5114—5127
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remained confined within the highly discrete microdomains
which were either the original cylindrical domains formed in
the melt or the domains established by local coalescence of the
sPP cylinders. These sPP blocks remained uncrystallizable at
the T_s studied here because the corresponding undercoolings
were not large enough to induce the homogeneous nucleation.
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